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This 2-part series focuses on designing using 
devices and techniques that extract the maxi- 
mum benefit from single power supplies. Part 
1 discusses limitations and problems designers 
encounter when building systems from single- 
supply devices. Part 2 will discuss a variety 
of circuits for single-supply applications. 

As system designers begin using single-supply power 
not just in digital circuits but also in analog circuits, 
performance often suffers. Yet, the demand for higher 
performance continues unabated. When designing a 
single-supply application, you should employ amplifiers 
expressly designed for the job. Among 
the performance specs you'll enhance 
are the supply-power and operating 
ranges, dynamic range, and input and 
output ranges. You'll also achieve 
more linear operation overall. 

When most op amps operate from 
±15V supplies, they accept an ample 
input common-mode (CM) range and 
provide a wide output range — both typically being 
±10V or more. Single-supply systems, on the other 
hand, often handle much smaller voltage ranges: 12V 
down to 5, 3, or even 1.5V. At these voltages, most 
available dual-supply op amps simply cease to function; 
a few will operate but with performance degradation. 
In general, your choice of single-supply amplifiers is 
much more limited than dual-supply amplifiers. 

General-purpose amplifiers such as 741s and 1558s, 
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as well as most FET-input amplifiers, can operate from 
supplies as low as ±5V, or 10V total. Precision- 
amplifier families such as the OP-07 and OP-27 do not 
work below 5V. Some selected family types may be 
useful for some regions of this voltage spectrum; for 
example the OP-97 proves useful down to ± 2.25V 
(4.5V). Typically however, only amplifiers specifically 
designed for single-supply or low- voltage operation can 
function without major performance compromises be- 
low 10V total. 

Amplifiers designed for ±15V operation typically 
require 2 to 5V of headroom, with respect to both 
supply rails, at both inputs and the output. Even the 
more flexible dual-supply amplifiers approach only 
within IV or so of the rails. 

In single-supply applications, this 
need for headroom limits linear opera- 
tion over wide signal swings. These 
limitations are most acute at lower 
supply voltages. For this reason, sin- 
gle-supply amplifiers' input stages usu- 
ally remain linear even when the com- 
mon-mode voltage applied is right at 
the negative rail (ground) or even 
slightly below (~ -200 mV). Op-amp input stages that 
operate this way are pnp bipolars, CMOS or PMOS 
types, and N-channel JFET types. 

Obviously, devices with these various input stages 
will have differing input-bias currents, noise voltage 
and currents, and offset voltage and drift. Spec sheets 
delineate these characteristics, but a subtle (and poten- 
tially important) behavior for a given device is how it 
reacts to common-mode stresses. 
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Overdriving many amplifiers below the negative rail 
(pnp inputs in particular) will usually cause a nondes- 
tructive output-phase reversal. The overdriving may 
not actually damage the device if the input-fault cur- 
rent is limited, but the circuitry around the amplifier 
may react violently. If the circuitry is a polarity- 
sensitive servo, for example, it may lock up or oscillate. 

Few single-supply amplifiers have internal protec- 
tion against overdrive. Fortunately, preventing over- 
drive is rather easy. Simply clamp the input voltage 
to no more than 300 mV below the negative rail with 
a low-threshold Schottky diode (Ref 1). 

You must protect CMOS- and PMOS-input-stage am- 
plifiers more carefully because exceeding their supply 
rails can trigger a parasitic SCR within the device — 
with destruction possible. As with any CMOS device, 
you should keep possible transients in mind and follow 
data-sheet recommendations. 

At the positive end of input-CM range, some devices 
can operate to within IV of the rail; others may need 
1.5V of headroom. Generally, overdriving an op amp's 
common-mode inputs above the positive rail causes 
nonlinearity (as opposed to phase reversal). Again, do 
not drive CMOS- or PMOS-input devices beyond the 
positive rail. 

With the exception of rail-to-rail output-stage de- 
vices, most op amps can swing only to within 1 to 2V 
of the positive rail. Consequently, when these devices 
operate from supplies of 5V or less, output swing is 
greatly reduced. Even if the input's noise floor were 
to remain constant (which it seldom does), the S/N 
ratio and dynamic range suffer for devices operating 
from low voltages. The box, "Output-stage swing 
makes or breaks single-supply operation," covers some 
salient points on output-stage designs for single-supply 
low-power amplifiers. 

Ultralow quiescent current drain 

Another fundamental reason for using single-supply 
designs is to conserve power. For this reason, most 
single-supply op amps draw low standby current. Very- 
low-current designs involve fundamental tradeoffs. In 
general, low-current designs tend to sacrifice band- 
width, slew rate, and input noise voltage. 

Standby-current drain per amplifier channel can 
often make or break a device when a system's power 
consumption is critical. The industry has no standard 
definition of "low power." We suggest that devices 
drawing quiescent currents of ^1 mA/channel are low 
power, and those drawing < 100|xA/channel are "micro- 
power." Most of the devices discussed in Part 2 of this 
series meet one of these definitions. 

Given a requirement for low-power designs, engi- 



neers are forced to face not just slower speeds but also 
bandwidth restrictions arising from higher circuit im- 
pedances. 

Noise versus supply current is an issue where trade- 
offs are likely. Table 1 lists three representative op 
amps and shows that lower noise is attainable at the 
price of increased current. 

Bandwidth, too, is another area where tradeoffs are 
likely, as Table 2 shows. The dual amplifiers in Table 
2 bracket the industry-standard 324 and 358, which 
feature 500-u.A/channel current drain, 1-MHz band- 
width, and a 0.6V/|xsec slew rate. Greater speed also 
comes at the price of increased current. 

Assigning ground is a task that can become quite 
important in single-supply, ac-coupled op-amp circuits. 



+V S =5T012V 




Fig 1 — You can make your "false" or "pseudo" ground any value 
desired. When dynamic currents are high, use this simple op-amp 
follower. 



Table 1 — Noise-vs-supply-current tradeoffs 









Device 


Noise (nV/VHzj 


Supply current/channel 


OP-295 


51 


. 160 iiA 


AD820/AD822 


125 * 


S " 750 /tA 


OP-213 


6 


145mA 









Table 2 — Current-vs-band width tradeoffs 



Device 


Current drain 

OiA/channel) 


Bandwidth 1 


Slew rate 

(V/^ec) 


OP-295 


160 


75 kHz 


0.03 


AD822 


750 


2 MHz 


3.5 


324/358 


5O0 

* 


1MHz 


0.6 

a .. .. i 
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Not all single-supply amplifiers' out- 
puts can swing to the negative rail 
(ground). Some may swing to within 
a diode drop (0.6V); others may 
swing within a few tens of millivolts. 
Only a very few swing to less than 
from the negative rail, 
understand which op amp 
functions best for output-swing- 
critical applications, you must have 
some detailed knowledge of output' 
stages. Fig A shows a sampling of 
output-stage topologies used in sin- 
gle-supply op amps. 

The bipolar complementary emit- 
ter-follower stage in' Fig A(a' 
only active to within a diode drc 
of each rail, at best. This stage may 
or may not use a Darlington for 
transistor Q, but usually has a single 
pnp for Q 2 . This output stage can- 
not swing to ground without outside 
help, such as the added resistor 



RpuioowN- When used, this resistor 



source-type loads only. It also 
raises overall dissipation for sus- 
tained high-level outputs. Amplifiers 
with this type of output stage can 
be useful for single-supply applica- 
tions, but you must carefully apply 
them to optimize all tradeoffs. 

The NMOS bipolar emitter-fol- 
lower common-source output stage 
in Fig A(b) has, by nature, an 
asymmetrical: voltage swing. How- 
ever, the'staqe features low satura- 
tion voltages to ground because ot 
the NMOS pulldown transistor N,. 
Saturation voltage to the positive 
rail is about IV (or more). The ad- 
vantage of this stage is that the 
NMOS pulldown transistor can 
drive current-sink loads to within a 
few millivolts of ground, which en- 
hances linearity in many single- 
' supply applications. 

The CMOS stage of Fig A(c) is, 
by definition, fully complementary 




the supply "rail for' a high or low 
output, that is, rail to rail. With ap- 
propriate Iow-Rqn transistors for P, 
and N,, saturation drops to either 
rail can be a millivolt or less at low 
currents. Because this stage is in- 
herently Class A, the amplifier de- 
sign must carefully controf the static 
currents in P, and'N. for fow quies- 
cent current. For output currents ot 
a few milliamps, this type of output 
stage is effective and quite versa- 
tile because ot its rail-to-rail nature. 

The complementary-bipolar com- 
mon-emitter stage of Fig Afd) is 
another rail-to-rail output stage. 
Saturation drops to the rails range 
from a few millivolts to hundreds of 
millivolts over current ranges up to 
20 mA. Like the CMOS rail-to-raif 
output stage, this bipolar counter- 
part is both effective and "versatile, 
but avoidinq punitive tradeoffs in 

. . i , ' r I 

power is critical to fhedesic- 




Fig A— Among this sampling of output-stage topologies used in single-supply op amps, the bipolar complementary emitter-follower 
stage (a) is active only to within a diode drop of each rail at best. The bipolar emitter-follower, NMOS common-source output 
stage (b) has, by nature, an asymmetrical voltage swing. The CMOS stage (c) is, by definition, fully complementary. The 
complementary-bipolar common-emitter stage (d) is another rail-to-rail output stage. 
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You can make this "false"or "pseudo" ground anything 
you desire. The best choice depends on the individual 
application, but maximum amplifier flexibility helps 
make signal referencing less problematic, particularly 
if the design has substantial dynamic current into an 
elevated ground. 

Possible choices for false ground range from simple 
ac-bypassed resistive dividers to fully buffered op-amp 
follower stages for the lowest wideband dynamic im- 
pedance. A well-bypassed, noise-free divider is suitable 
for high-impedance loads when the dynamic current 
is low. When dynamic currents are high, use a simple 
op-amp follower such as the one in Fig 1. This circuit 
works with a wide range of supplies to produce a low- 
noise output of V SU p PLY /2. Your choice of ICi deter- 
mines the circuit's standby current. 

If you need a precise "pseudo-ground" voltage, use 
a reference IC that can source and sink current, such 
as that in Fig 2. Operating from a 5V supply, this 




Q 



"■ ■ t! 



REF 


•43 







-O 2.5V OUTPUT 



Fig 2— Use a reference IC that can source and sink current if you 
need a precise "pseudo-ground" voltage. This circuit can handle 
load currents both into and from the 2.5V source. Low-ESR f 
capacitors help keep the circuit's ac impedance low. 



circuit can handle load currents both into and from the 
2.5V source. Low-ESR (equivalent series resistance) 
bypass capacitors help keep the circuit's ac impedance 
low. 

Power-supply noise, if not dealt with correctly, can 
shred even the best paper design. Low-power circuits 
tend to have poorer supply rejection, and the noise 
from commonly used 5V digital supplies is nearly worst 
case. Simple power-line filters may not be adequate 
for high-performance analog stages. Although a com- 
mon analog and digital supply may be attractive for 
size and cost reasons (or simply decreed by your boss), 
you should avoid a common supply if at all possible. 

First, power taken from the middle of a logic layout 
contains huge amounts of high-frequency noise — 100 
mV or more. Worse yet, logic supplies are typically 
switching types, which have large output spikes. Thus, 
using a separate, linear-mode, low-noise supply for the 
sensitive analog circuits is better whenever possible. 

If you must use a 5V logic supply, isolation and 
circuit partitioning as well as optimized decoupling and 
filtering can help greatly (Ref 1). First, make sure 
that you tap the supply for analog power right at the 
supply terminals — not from the logic stages. This rout- 
ing avoids the voltage drops of the logic-supply runs 
and allows maximum supply regulation. 

Bypass capacitors alone are usually not adequate for 
filtering switch-mode glitches, so you need to take ad- 
ditional steps. Fig 3 shows a more effective technique 
(Ref 2). This balanced LC filter comprises two high- 
frequency inductors — each made from a 3-turn, toroidal 
ferrite bead — and a large, composite output capacitor. 
The capacitors should be low-ESR switching types for 
best performance. The filter as shown suppresses glitch 
noise by 40 dB or more. 

Even given a device that has a wide output swing, 



+5V LOGIC SUPPLY 



RETURN 



-5V 



FERRITE BEADS = FAIR-RITE 2677006301. 3 TURNS 





: 100 pF 
ELECTROLYTIC 



10 TO 22 pF 
TANTALUM 



-O +5V 



: 0.1 mF 
CERAMIC 



-O +5V RETURN 



TO LOGIC CIRCUIT 



Fig 3— This balanced LC filter suppresses glitch noise by 40 dB or more. 
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ments and produce IV at the output. Obviously, ICj 
cannot produce a negative output from a single supply. 
Indeed, if the circuit attempts such operation, IC X satu- 
rates, and Vqut becomes nonlinear. 

As it turns out, this input-CM limitation is a function 
of the instrumentation amp's gain as well as the output 
swing of the op amps within it. Therefore, low nega- 
tive- Vsat or rail-to-rail output-stage op amps help im- 
prove common-mode handling. In Fig 4's example, the 
worst-case minimum-CM voltage is 0.4V (assuming a 
5V output swing and each op amp swinging to within 
100 [lV of each rail). However, op amps that cannot 
swing to 0V will have a worse input CM-voltage mini- 
mum. The point here is that even though an op amp 
could be designed for single-supply operation, your 
configuration can still constrain the op amp. 

Despite its basic limitations, this topology can still be 
useful if you apply it carefully. For example, Fig 5 shows 
an accurate strain-gage bridge amplifier circuit in 
which the bridge and amplifier are powered from 5V. 
The amplifier produces linear outputs to as low as 600 jjlV 
from ground. In this case, the bridge itself supplies the 
2V common-mode bias, which keeps the op amps in the 
middle of their common-mode range. Driving the bridge 
with a low-noise 4V supply further minimizes noise. 
(Part 2 of this series details a low-noise 4V supply.) 

Fig 6 shows another instrumentation-amplifier ap- 
proach. Compared with the Fig 4 circuit, the Fig 6 
circuit's primary advantage is that it doesn't exhibit 
extreme common-mode limitations. Also, the topology 
in Fig 6 switches divider taps for gain changes, so 
moderate switch resistances (10 to 100H) do not cause 



AV LOW-NOISE +5V 




R G = 2.127.4 



Fig 5 — This accurate strain-gage bridge amplifier operates from 5V and produces linear outputs to as low as 600 f.iV from ground. 
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the application's configuration can limit the swing. For 
example, the 2 op-amp instrumentation amplifier in Fig 
4 normally uses dual supplies. But in this case, the 
instrumentation amplifier uses a single supply and has 
a gain of approximately 100. 

At first glance, this instrumentation amp will faith- 
fully amplify a 10-mV differential input to IV at V 0U t 
with a low common-mode voltage. However, a close 
examination proves otherwise. Amplifier ICYs output 
must be a negative 94 mV to satisfy the loop's require- 



+5V 
Q 




Fig 4 — This 2 op-amp instrumentation amplifier normally uses 
dual supplies. Using a single supply constrains the design's com- 
mon-mode range. 
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Fig 6— This instrumentation amplifier shrugs off switch resistances, enabling you to switch gains. 



major errors. You can easily set the circuit's gain with 
jumpers or dpdt CMOS switches. However, adding the 
same gain-setting switches in series with R G in Fig 4 
would produce serious errors. 

In Fig 6, amplifier IC 1A is a follower for signals at 
terminal — V IN , and IC 1B is a follower for signals at 
+ Vin and an inverter for signals at its negative input. 
The linear subtraction of CM signals and amplification 
of differential signals provides the circuit with a precise 
gain that you can vary between 10 and 100. 

The performance keys to this circuit are the resistor 
network and the amplifier. For best performance with 
premium amplifiers, the resistor network should have 
a ratio-match specification of 0.1% minimum with 
0.01% as a goal. For ideal amplifiers and 0.01%-match 
gain resistors, the common-mode error at the output 
will be on the order of - 100 and - 120 dB for gains 
of 10 and 100, respectively. 

You must observe the common-mode limitations of 
the configuration if you use a single supply. The circuit 
produces a V ut that's referred to the potential applied 
to the resistor network's V R pin. This ground assignment 
implies that if you want the circuit to exhibit high 
linearity for even small V IN difference voltages, the 
op amps should be able to swing close to ground. ITvTn 



Authors' biographies 

Walt Jung is a corporate staff applica- 
tions engineer for Analog Devices ( Fall- 
ston, MD), where he has worked for two 
years. A well-known author, Walt has 
published 10 books including the 
ubiquitous "IC Op Amp Cookbook." He 
attended the Drexel Institute of Tech- 
nology ( Philadelphia, PA) and is a 
member of the IEEE and the AES. In 
his spare time, he enjoys live and re- 
corded music. 

James Wong is the applications engi- 
neering manager for the Precision 
Monolithics division of Analog Devices 
(Santa Clara, CA), where he has 
worked for seven years. In addition to 
providing applications support, James 
also develops Spice models. He obtained 
a BSEE from San Jose State Univer- 
sity (San Jose, CA) and an MBA from 
Santa Clara University (Santa Clara, 
CA). In his spare time, he enjoys read- 
ing, investing, and golf. 





Article Interest Quotient (Circle One) 
High 503 Medium 504 Low 505 



References 

1. Kester, Walt, Amplifier Design Guide, Analog Devices, 
Norwood, MA, 1992. 

2. Wong, James, "Simple filter quiets power line," EDN, 
June 4, 1992, pg 143. 



1 24 ■ EDN May 27, 1 993 



Analog circuits bypass 
single-supply 
design constraints 

Walt Jung and James Wong, Analog Devices Inc 



.4s system designers begin using single-supply 
power in analog circuits, performance often 
suffers. Part 1 of this 2-part series discussed 
device limitations and problems that design- 
ers encounter when building systems from 
single-supply devices. This second part shows 
how to design a variety of circuits within sin- 
gle-supply constraints. 

Designing analog circuits using a single-supply voltage 
places unfamiliar constraints on designers who typi- 
cally work with ±15V supplies. This article presents a 
collection of applications — including references, regu- 
lators, 4- to 20-mA loops, DACs, low-noise amplifiers, 
temperature sensors, and current 
monitors — that illustrate some gener- 
al guidelines for single-supply, low- 
power design. All circuits in this arti- 
cle work at 5V and up, and several 
operate down to 3V. 



Low-power references 

You will encounter many problems 
trying to make stable dc voltage references work from 
5V and lower power supplies. These problems include 

• minimizing quiescent power consumption 

• maximizing overall power efficiency 

• operating down to 3V 

• achieving low dropout 

• obtaining minimum noise output. 

Because supplies <5V can't support zener devices, 
low-voltage references must be bandgap types. Oper- 
ating from 3V, for example, dictates a reference diode 
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of appreciably lower voltage. One solution is a 1.2V ref- 
erence diode and appropriate low-power support cir- 
cuitry (Fig la). 

On the surface, this circuit appears trivial. But if you 
want to minimize power drain, your design options 
narrow. D t must be a low-operating-current diode. In 
this case, D t is a 1.235V device with a minimum cur- 
rent of 50 jiA. With a value of 27.4 kH for Rj, the cir- 
cuit can work with a supply voltage as low as 2.7V and 
still produce the minimum diode current. Obviously, 
you must minimize loading on the unbuffered diode, 
but you can account for loads of a few microamps as 
long as they are static in nature. 

Dynamic loads present a larger problem, and a 
power-conscious designer will not want to burn excess 
current in a reference diode for occasional load 
changes. ICj alleviates this problem by 
buffering the diode to allow higher 
source and sink currents, but at the 
expense of 160-pA quiescent current. 
You can reduce power consumption by 
using a lower-current op amp, but 
make sure the amp's dynamic perfor- 
mance is adequate. 
Without gain-scaling resistors R 2 and 
R 3 , the output of the Fig la circuit is 1.235V. If you use 
these resistors, you can set the output anywhere between 
the supply rails because of the rail-to-rail output swing of 
IC r Output-voltage drift is primarily a function of the 
diode grade and can be as low as 10 ppm/°C. 

Low-standby-current reference 

The low-standby-current reference in Fig lb 
exhibits maximum power efficiency. This self-biasing 
circuit maximizes current economy by using the qui- 
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3V (OR MORE) 

Q 0.1 \if 




O V(xn=1^35V , R , 
. . . OR Vou7=1.235V|l+^il 

-O 1 235V (UNBUFFERED) I 







3V (OR MORE) 
0.1 mF 




(b) 



Fig 1 — Reference circuits may appear trivial, but single-supply operation constrains device choices. In (a), D, must operate with low cur- 
rents. The self-biasing circuit in (b) maximizes current economy by using the quiescent current of a low-power op amp to both bias and 
I buffer the diode. 



escent current of a low-power op amp to both bias and 
simultaneously buffer the diode (Ref 1). With this 
arrangement, the circuit needs no separate diode-bias 
current, and the otherwise wasted amplifier supply 
current helps stabilize the diode and quiescent current. 

To implement this circuit, the minimum diode and 
amplifier currents should be compatible. In this case, 
the op-amp current adds to the current through R 3 to 
make the sum >50 |xA and allow circuit start-up. R l and 
R 2 scale up the output voltage from 1.235V, as noted. 
Standby current drain is typically 55 pA. 

Of course, V 0UT must be compatible with the output 
swing of the amplifier and the minimum supply volt- 
age. In this example, ICj can supply several milliamps 
of current, and there must be at least IV between the 
supply and V 0UT . The circuit can generally work with 
many amplifiers, but your choices narrow for low-volt- 
age and low-current operation. Note that the 1.235V 
reference subtracts from the supply voltage available 
to the amplifier, so only a device capable of working at 
1.8V or less can be used with a 3V source. 

Low-dropout references 

Low-dropout references are of interest when DACs 
or ADCs require a reference potential close to the sup- 
ply; for instance, 4.5V with a 5V supply. The low-power 
circuit in Fig 2 illustrates how you can use a standard 
2.5V, 3-terminal reference (IC 2 ) and a scaling amplifi- 
er with a rail-to-rail output. Resistors R x and R 2 scale 
the 2.5V reference up to 4.5V; trim is available with 
optional resistor 'R TRm . Capacitor C l provides a low ac 
output impedance. This circuit has a dropout voltage 
of about 160 mV for a 1-mA load and a standby current 
drain of 610 |xA. IC 2 's resistive saturation drop of 
approximately 150H determines the dropout voltage. 

By adding a boost transistor to low-dropout refer- 



ence circuitry, output currents up to 1A become possi- 
ble. The circuit in Fig 3 retains the low standby cur- 
rent and dropout voltage of the previous designs. The 
low-dropout regulator features a 800-|iA standby cur- 
rent and suits a variety of voltages and output currents 
up to 100 mA. The circuit achieves a 100-mA current 
using controlled-gain pass transistor Q,, an MJE170 
type. Using series resistor R 3 to constrain Q,'s base 
drive provides output-current limiting. This scheme 
limits the base current to about 2 mA. Then, the max 
h FE of Q t will allow currents no more than 500 mA, 
which limits short-circuit dissipation to safe levels. 

You can adapt this circuit for different voltages by 
changing the value of R,, as the table in Fig 3 shows. 
Dropout voltage with a 100-mA load is about 200 mV, 
thus maintaining a 5V output for inputs above 5.2V. 
You can attain lower output noise by including the 
optional reference filter comprising R 2 and C,. Output 
voltages down to 3V or less are possible as long as V IN 
is 3.2V or more. 




Fig 2 — Providing a 4.SV reference from a SV supply requires a low- 
dropout reference circuit. This circuit has a dropout voltage of about 
160 mV for a 1-mA load and a standby current drain of 61 uA. 
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Adding a second amplifier to the loop allows foldback 
current limiting, and high-current PMOS control tran- 
sistor IRF9531 allows outputs up to 1A (Fig 4). In this 
circuit, IC 1A is the loop's voltage-control amplifier. It 
controls the output voltage as established by R p R 2 , 
and the 2.5V reference. 

IC 1B is the current-control amplifier.' For output cur- 
rents less than 1A, the output is low, which reverse- 



biases D r As the output current exceeds 1A, the drop 
across R SENSE rises, which forces IC 1B 's output high and 
forward-biases the diode. This action closes the cur- 
rent-control loop, which overrides the drive from IC 1A 
because of the much higher impedance in that leg of the 
circuit. 

If an output current greater than 1A persists, the 
current loop forces a reduction of output to the load, 
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Fig 3 — Adding a boost transistor to a low-dropout reference results in a low-dropout regulator that provides a 1 00-mA output current, 
800-|xA standby current, and 200-mV dropout voltage. 
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Fig 4 — Adding a second amplifier to the regulator loop allows foldback current limiting. A high-current PMOS control transistor supplies 
output currents up to 1A. 
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thus causing a corresponding drop in voltage. As the 
output voltage drops, the current-limit threshold also 
drops fractionally. The result is a decreasing output 
current as the voltage decreases; the limit is 0.2A at IV 
of output. This foldback effect reduces power dissipa- 
tion in the control device, which lets you use simple 
heat sinking. 

When operating from a 6V raw supply, the rail-to- 
rail output drive from IC 1B can produce the full gate- 
source voltage and fully enhance (turn on) the PMOS 
transistor. The dropout voltage is 0.2V at 500 mA and 
0.6V at 1A. 

4- to 20-mA loop circuits 

Amplifiers whose outputs swing close to the nega- 
tive rail enhance and simplify the design of 4- to 20-mA 
loop transmitters. Amplifiers that can't swing close to 
this rail have saturation- voltage limits that reduce the 
accuracy of the amp's zero-scale signal range. The out- 
put — and many times the input — of an amplifier often 
operates at or near the negative rail, yet the amplifier 
must remain linear. A case in point is the circuit in Fig 
5, a loop-powered strain-gauge sensor. The amplified 
50-mV full-scale (FS) bridge output is calibrated for a 
4- to 20-mA transmitter output. 

ICj linearly amplifies the bridge signal by a gain of 
about 40. IC/s output range includes the negative 
rail, so the IC can amplify a 0- to 50-mV bridge sig- 
nal to to 2.008V referred to the loop's common bus 



(pin 5 of IC,). Because all negative-supply device pins 
refer to this point, the bulk of the loop's quiescent 
current flows into R 6 and the external loop and ter- 
mination, R LQAD . 

With no output from the bridge, IC/s output will be 
at the negative rail. No current flows through R 1 or R 2 
into the summing point of IC 2 because IC i servos the 
summing point to the negative-rail potential. For this 
zero-scale signal condition, R 3 (4-mA NULL) cali- 
brates the loop for a 4-mA output current or for 0.4V 
across R LQAD . Because no current flows through R t in 
this zero-scale condition, R l has no effect on nulling, 
which ensures that the NULL and SPAN trims don't 
interact. 

R 3 and R 4 effectively appear across the 5V reference 
output, so the current the reference injects into the 
loop is constant. The loop's output summing resistors, 
R 5 and R 6 , scale the current. The expression for this 
current is 



X NULL 



-( 



5V )Q + g£), 
R 3 +R 4 R 6 



where 5V represents IC 3 's reference voltage. 

When the bridge output is 50 mV FS, ICj amplifies 
the output to the 2.008V FS level and supplies signal 
current to IC 2 's summing point. Like the reference 
current through R 3 and R 4 , the loop scales up the sig- 
nal current in R and R 2 . The current appears 
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NOTES: 

1. UNLESS OTHERWISE SPECIFIED, ALL RESISTORS 1% OR BETTER 

2. POTENTIOMETER TEMPERATURE COEFFICIENT <50 PPWC. 




Fig 5 — Single-supply amplifiers enhance the design of 4- to 20-mA current lot 
because the amplifiers can swing close to the negative rail and accurately a 



loops — such as this circuit, which features noninteractive trims 
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through R 6 as I SBVN : 

I S pan-( Vb r R Tt ? XA )(1 + | 1) ' 

where V BRIDGE is the output of the bridge, and A is IC/s 
gain. For a 50-mV FS bridge output, R } (20-mA SPAN) 
trims the circuit for a 20-mA output current (4-mA 

I NULL P 1US 16 " mA I Sa N ) 0r 2V aCr0SS R LQAD- 

In this circuit, the three active devices and the 
3500H bridge draw 3.75 mA worst case, which is safe- 
ly below the system's 4-mA zero scale. C 1 provides a 7- 
Hz lowpass filter to limit noise, and C 2 stabilizes IC 2 's 
output loop. Qj, a TO-220 device, conducts the 0- to 16- 
mA l SEAN portion of the loop output. 

Most DACs require dual supplies. Among those that 
don't, most work from 12 to 15V supplies, as opposed 
to 5V only. This situation greatly reduces your compo- 
nent choices for single 5V-supply systems. CMOS 
R/2R-ladder DACs are natural choices for low-voltage 
operation because many of these units work from 5V 
supplies. However, when you use DACs in their stan- 
dard multiplying mode with a positive reference and an 
inverting-output amplifier, the DACs also require a 
negative supply so the amplifier can output negative 
voltages. Or, conversely, if you use a negative refer- 
ence, the output will be positive. In either case, you 
will need a negative supply. 



To make such a DAC operate in a totally unipolar 
fashion, you can turn it around and operate it in what 
is known as its inverted, or voltage-output, mode. In 
Fig 6, the DACs standard input to the ladder 
becomes the voltage-output node (pin 1), and the nor- 
mal I 0UT node becomes the reference input (pin 3). This 
voltage-output-mode CMOS DAC circuit works from 
5V using two 8-pin ICs to achieve serial-input 12-bit 
operation. The DAC produces a to 4.095V output (1 
mV/LSB). 

The circuit uses a 12-bit multiplying DAC, so the 
output voltage equals (D-*-4096)xV REF , where D is the 
12-bit digital word's value, which ranges from to 
4095. With a 1.235V V^, the Unbuffered output at pin 
1 of ICj will be (4095*4096) x 1.235V at full scale, or 
approximately 1.2347V (-300 pV/LSB). The output 
amplifier brings the overall scale at V 0UT to the 
(Dh-4096)xV ref x A level, where A is the amplifier gain. 
With the appropriate choice of A, the output will be 1 
mV/LSB. The amplifier gain required for this weigh- 
ing is about 3.3. The gain is variable (see R 2 and R 3 ), so 
you can trim out tolerances in both the reference volt- 
age and gain resistors. For bipolar amplifiers, making 
the equivalent resistance of the gain divider equal to 
the DACs output resistance of 11 kfi proves helpful. 

The circuit is clean and straightforward, but some 
application points are worth discussion. Note that the 
enhancement voltage of the DACs internal NMOS 
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Fig 6— To run o standard CMOS R/2R-ladder DAC from a single supply, you have to operate the DAC in the inverted, or voltage-output, 
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switches equals the difference between the supply and 
reference voltages. With a 5V-only supply, the 
enhancement voltage of the switches is 3.765V with a 
1.235V reference. Thus, a V^ of 1.3V is about the 
highest practical for this DAC operating in the voltage- 
output mode. If you use a higher reference voltage, the 
MOSFET's gate drive can become starved, which 
would lead to a higher on-resistance and output-volt- 
age nonlinearity. 

The amplifier strongly affects dc accuracy, speed, 
and power, and some tradeoffs may be necessary for 
the best overall performance. For a linear V 0UT range 
of to 4.095V, the amplifier must be a rail-to-rail out- 
put-stage type. The worst-case output offset will be 
about 3.3 times the amplifier's offset voltage. Relative- 
ly slow response and the best overall dc accuracy and 
lowest power consumption is possible with a CMOS 
output op amp. For example, the OP-295 has a settling 
time less than 150 ^sec and draws about 660 pA. A 
faster bipolar output op amp, such as the AD820, set- 
tles in 2.5 usee but draws around 1.2 mA. 

For various reasons, achieving low-noise operation 
from single supplies is much more difficult than with 
dual supplies. Both the circuit configuration and the 
specific devices can make designing for low noise diffi- 
cult. Single-supply devices limit performance because 



of their low-current internal biasing, which compro- 
mises voltage noise in bipolar stages. For example, rel- 
atively high input noise of 40 to 50 nV/VHz is not 
uncommon for low-power devices. Also, single-supply 
circuit configurations can themselves limit optimal 
noise performance because of the necessary biasing- 
and their nonideal characteristics. Dual-supply : 
designs don't have these limitations'. 

Fig 7 — a single-supply ac amplifier arranged for 
low-noise operation from either low- or high-imped- 
ance sources, depending on the amplifier you choose — I 
addresses these difficulties. With two sections of a 
dual op amp available, the circuit is useful as a low- 
level preamp for multimedia and other audio applica- 
tions. Because of 5V single-supply operation, bypass 
capacitors and input and output coupling capacitors 
are necessary. 

To achieve lowest circuit noise, IC/s gain resistor, R 2 , 
has a value of 221ft, which corresponds to a Johnson 
noise that is one third the noise of the op amp (2 nV/VHz). 
This resistor value ensures that the noise of the amplifi- 
er will dominate for low V m source resistances. 

For lowest noise in the surrounding circuit, biasing 
must also be noiseless (Ref 2) or free from noise added 
directly or indirectly by the biasing. This caveat means 
that resistors with dc across them should have low 
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Fig 7 — Devices and circuit topologies make achieving low noise difficult in single-supply designs. One critical design technique is to limit 
resistor noise by using low-noise resistors or adding bypass capacitors across them, as this circuit does for R 5 . 
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excess noise or be ac bypassed. Thus, R p R 3 , R 4 , and R 5 
are metal-film resistors, and R 5 is bypassed. R 4 and R 5 
provide a 2.2 or 2.5V bias source, which biases the out- 
put of ICj approximately midway in its range. In addi- 
tion, both Cj and C 2 are low-ESR types. 

To provide a low source impedance for low noise, C 1 
must be larger than you would choose if you were con- 
sidering only the time constant. Otherwise, the cur- 
rent noise of a bipolar amplifier would produce an 
equivalent voltage noise across C t and the source 
impedance. Alternately, using a JFET-input op amp 
with low current noise and bias current allows the 
input impedances to be much higher and C x to be cor- 
respondingly smaller. The gain of the stage in Fig 7 is 
100 with the fixed value of R 2 . You can replace R 2 with 
the optional cable and Rg^ resistors to add remote 
gain control to the circuit. 

The bandwidth of this stage varies with the ampli- 
fier you choose for ICjj in this case, from 20 to 30 kHz 
at maximum gain. The IC 1 bipolar amplifier is suit- 
able for low-impedance sources. For high-impedance 
sources, a FET-input device such as the AD820 will 
exhibit lower noise because of its lower input-cur- 
rent noise. (Component values for using the AD820 
as ICj are in parentheses in Fig 7.) Aside from the 
source-impedance choice between the two amplifiers, 



there are power-consumption differences. A bipolar- 
input device may draw a higher quiescent current. 

Many methods of sensing temperature are available, 
but high-precision sensing using single power supplies 
remains a challenge. Fig 8 shows a precision platinum 
resistance temperature detector (RTD) that runs from 
a 5V supply. To minimize self-heating, a regulated 200- 



|xA current, I 



BRIDGE' 



drives the RTD bridge. Overall 
current drain is 1.3 mA. The circuit yields a to 400°C 
output from a 5V supply and a to 350°C output from 
a 4.5V supply. 

^ sense senses the 200-|xA current, and IC 1A com- 
pares the voltage drop across R SENSE to the 0.2V refer- 
ence voltage across R 5 . The common-mode voltage at 
the bridge output is 0.21V, which is a level difficult for 
conventional IC or discrete 5V instrumentation ampli- 
fiers to handle. In this circuit, IC 2 , a single-supply 
instrumentation amplifier, amplifies the output. The 
gain is 100 kfl-i-Rg^ (100 kfl is the value of IC 2 's inter- 
nal resistor, and Rg^ is the combination of R 8 , R 9 , and 
R 10 ). In this case, the gain is nominally 245. This gain 
times the bridge's output of 38 uW°C yields a V 0UT 
scale factor of 10 mV/°C. Cj, in conjunction with IC 2 's 
internal 100-kH resistor, provides a lowpass filter that 
forces the gain to roll off above 3.4 Hz. 

Several factors in the surrounding circuit are impor- 
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Fig 8— The overall current drain of this temperature sensor is 1.3 mA. The circuit yields a to 400 C output working from a 5V supply and 
a to 350°C output from a 4.5V supply. 
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tant for best performance. All critical resistors — 
marked with one asterisk in Fig 8 — should be 0.5%, 
±25-ppm/°C types, or about 100 times better than the 
RTD's TC of 3850 ppm/°C. Rj and R 2 , in particular, 
should be from the same manufacturer and batch, and 
R 4 should be from same manufacturer to help minimize 
differential TCs. Gain resistor R 8 should have a TC 
that is low compared with the 50-ppm/°C TC of IC 2 . All 
potentiometers should be multiple-turn film types. 

The bridge-amplifier combination has a small 
amount of nonlinearity, typically <0.5%. In compari- 
son, the RTD has a much larger nonlinearity — as much 
as 6°C over a 400°C span, or 1.5%. Fortunately, con- 
trolling the positive feedback, which increases the 
bridge drive as the output increases, corrects this non- 
linearity. R u picks off a fraction of V 0UT . IC 1B buffers 
this fractional voltage, and R 7 sums the buffered volt- 
age with the reference voltage. With correct adjust- 
ment, this scheme cancels the RTD's nonlinearity. 

Calibration takes three steps. First, carefully set the 
circuit for 0°C, because lack of a negative supply pre- 
vents this endpoint from going through 0V. One tech- 
nique for this step is to substitute an exact lOOfi resis- 
tor for the RTD (or place the actual RTD in an ice bath) 
and adjust R 3 until V 0UT begins to swing positive. Then 
trim R 3 in the reverse direction until V 0UT just stops 
changing, which should be at 0V. 

For the second step — the full-scale trim — preset R u 
to a midpoint and substitute a 274.04H resistor for the 
RTD. Then trim R 9 for 4.000V at V 0UT (400°C). Step 



three is the linearity trim: Substitute a 175.84H resis- 
tor for the RTD and trim R n for 2.000V at V QUT . Repeat 
steps two and three for best accuracy because the trim- 
ming operations interact. When you have fully 
trimmed the circuit, the output errors will be within 
±0.5°C over the to 400°C range. 

Supply-current monitors 

You can arrange single-supply amplifiers to make 
accurate current monitors for either a negative or pos- 
itive supply lead. Such circuits deliver output voltages 
that are directly proportional to the load current and 
voltages that are positive with respect to the supply 
ground. You can adapt the monitor circuits for wide 
operating-current ranges. 

Fig 9 shows a simple way to monitor supply current 
with a single-supply amplifier. ICj senses the voltage 
across R SENSE in the negative supply lead. The current 
through R s 



is I, 



yj, which equals the total supply 
current. Resistors R 1 and R 2 scale and invert the volt- 
age across R SENSE , thus producing a positive output 
voltage, V 0UT . 

Because ICj can sense inputs close to its negative 
supply rail and has an output that swings rail to rail, 
the circuit responds linearly to small currents down to 
a V 0UT level of a few millivolts. R SENSE and the Rj/R 2 
ratio set the current-to-voltage output scale factor, 
which is 10 mV/mA (1V=100 mA). 

You can adjust R SENSE proportionally for other scale 
factors, such as 0.1ft for 1 mV/mA or 0.01H for 0.1 
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Fig 9— In this simple supply-current monitor, IC, senses the voltage across R SENH in the negative supply lead. The current through R s 
Kow wnicn equals the total supply current. Resistors R, and R, scale and invert the voltage across R SENSE to produce a positive V our 
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mV/mA. The supply voltage essentially dictates full 
scale. For example, the 6V supply in Fig 9 lets the cir- 
cuit monitor currents up to 600 mA. The ratio of R 1 and 
R 2 should match the desired gain to within 0.1% for 
low gain error, and you should use stable types for both 
these resistors and Rg^E- . 

For highest performance, consider some other fac- 
tors. For low power losses and sense errors, the drop 
across R SENSE should be 100 mV or less. In Fig 9, IC/s 
160-(jlA supply current is part of l^j^, but the supply 
current can bypass R^a^ if necessary. If input tran- 
sients can take the summing point 0.3V or more below 
ground, use a Schottky diode clamp for ICj, which Fig 
9 shows in dashed lines. 
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Maybe the best &/i digit DMM is actually a 5 l /i digit DMM. 



There's more to a OMM's overall utility than the 
number of digits displayed on the front panel. Take 
the time-tested 5 1 /2 digit Fluke 8842A: It gives 
HP's 6V2 digit 34401 something to measure up to. 

Turn on a Fluke 8842A and you see a clean, 
simple front panel, ready to use. HP's 34401 , on 
the other hand, powers up in 5'k digit mode and 
requires as many as 14 keystrokes before arriving 
at the specified 6V2 digit mode. There's no display 
to tell you where you are in the process. And if 
you turn it off, your setup is gone. 

Then there's interference. Will common or 
normal mode noise interfere with your measure- 



ments? Will input impedence load your circuits? 
Not with a Fluke 8842A. It beats HP's 34401 
hands down. 

If isolation is an issue, Fluke's 8842A provides 
the 1000V dc you 
need, unlike HP's 
34401 which has 
just 500V dc. 

So if you're 
looking for a tough, 
dependable tool, 
look beyond data 
sheets and footnotes. 
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You'll choose the Fluke 8842A. For more infor- 
mation, contact your local Fluke representative. 
Or give us a call toll-free at 1-800-44-FLUKE 
(1-800-443-5853). 

John Fluke Mfg. Co.. Inc.. P.O. Box 9090. M/S 250E. Everett. WA 
98206-9090. U.S. (206) 356-5400. Canada (416) 890-7600. 
Other countries: (206)356-5500. 91993 John Fluke Mfg. Co.. Inc. 
HP is a registered trademark of Hewlett-Packard Co. Information 
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